anisotropies. The existence of such a shared signature perceptual tasks). Our data show that the pursuit peculiarity in direction processing would provide strong oblique effect is caused by an effective expansion of evidence for a shared motion signal driving both percepdirection space surrounding the cardinal directions tion and pursuit. Furthermore, while forced-choice psyand the requisite compression of space for other dichophysical procedures measure the overall oblique efrections. This expansion suggests that the directions fect (an anisotropy in the signal-to-noise ratio of the around the cardinal directions are in some way overredirection information driving perceptual decisions), presented in the visual cortical pathways that drive eye-movement measurements afford the possibility of both smooth pursuit and perception. dissecting this anisotropy into its signal and noise components and thus shedding light on the underlying Introduction mechanism. We present here the results of a series of experiments The cortical visual pathway in the primate brain has demonstrating that, under a wide range of experimental been described as having two major branches-the dorconditions, a similar directional anisotropy is observed sal and the ventral "streams" (Ungerleider and Mishkin, in both perception and pursuit. The mechanism underly-1982). It has been proposed that these streams subserve ing the pursuit oblique effect is an expansion of direction Figure 1A) . From the binary perceptual decisions, we generated psychometric curves. To derive a comparable metric *Correspondence: lstone@mail.arc.nasa.gov
Observers were asked to indicate which interval (first or second) contained the motion that was in a more clockwise direction (i.e., the blue arrow for each pair). In experiments 1 and 2, all four cardinal directions and four primary oblique directions were randomly interleaved in a single block, while in experiment 5, all possible directions were presented. Experiments 3 and 4 (B and C) were single stimulus interval pursuit-only experiments with no psychophysical task. In experiment 3 (B), all four cardinal directions and four primary oblique directions were randomly interleaved in a single block. In experiment 4 (C), one direction of motion was presented repeatedly within each block (i.e., there was no directional uncertainty).
for perception and pursuit, we converted the pursuit olds were 2.0 Ϯ 0.4 for perception and 2.0 Ϯ 0.8 for pursuit, which are statistically indistinguishable [t(7) ϭ response into a single binary "pursuit decision" (see Experimental Procedures; Beutter and Stone, 1998;  0.088, p Ͼ 0.932; paired, two-tailed]. The above analyses are specific to the initiation of Stone and Krauzlis, 2003) . Figure 2 shows the typical oculomotor responses of a single trial (Figure 2A) with pursuit, or the "open-loop" response, which is of particular interest because it is the response to the initial visual the desaccaded pursuit speed and direction traces (Figure 2B ). The initial pursuit directions for the two intervals motion signal that drives pursuit before feedback from the eye movement itself has a chance to affect the retinal in the first 150 ms after pursuit onset (downward arrow), the so-called "open-loop" period (Lisberger and Weststimulus (Lisberger and Westbrook, 1985) . However, we also found a clear oblique effect during steady-state brook, 1985), were then converted into a binary answer to the question: Is the pursuit direction during the test pursuit when efference-copy feedback signals dominate the pursuit response (Lisberger et al., 1987; Newsome interval more clockwise than that during the standard interval? The probability of a clockwise pursuit decision et al., 1988; Stone and Lisberger, 1990). We analyzed the pursuit response in the window 350-500 ms after was computed for each possible direction difference between the test and standard intervals and was then pursuit onset (see Figure 2C , upward arrow) and, across observers, the difference between cardinal and oblique used to generate "oculometric curves" (see Experimental Procedures). Sample psychometric and oculometric thresholds remained significant [t(7) ϭ 4.693, p Ͻ 0.001; paired, one-tailed). curves for a single naive observer are shown in Figures  3A and 3B . Both the raw psychophysical and oculomeIn experiment 2, we varied the experimental design to determine the robustness of the pursuit oblique effect tric data show an oblique effect; the curves are steeper for motion along the cardinal axes than for motion along and to allow direct comparison of the results with those of an earlier study (Churchland et al., 2003) . The target the oblique axes.
The trends shown in Figures 3A and 3B held for all speed was increased from 10 deg/s to 25 deg/s, and the trajectory was directed toward the point of fixation observers. Direction thresholds for cardinal versus oblique motion are shown in Figures 3C and 3D , comrather than tangential to the point of fixation ( Figure 1B) . The latter change enabled us to limit the analysis to puted from the psychometric and oculometric curves. All data points lie above the line of slope 1 and intercept presaccadic pursuit; the radial trajectory was designed to delay and sometimes to eliminate catch-up saccades. 0. Across observers, the difference between cardinal and oblique thresholds was highly significant for both
The task design followed that of experiment 1, such that a 2-IFC perceptual task was performed at the same time perception [t(7) ϭ 8.669, p Ͻ 0.001; paired, one-tailed] and pursuit [t(7) ϭ 3.207, p Ͻ 0.007; paired, one-tailed].
and a large number of target trajectories were interleaved to minimize a priori knowledge about target diFurthermore, the strength of this oblique effect was similar for both perception and pursuit. The mean (ϮSD rection.
All five observers showed a clear oblique effect for across observers) ratios of oblique to cardinal thresh-were asked simply to track the stimulus with their eyes. All four observers exhibited a clear oculomotor oblique effect, despite the lack of a perceptual task. When oblique thresholds are plotted against cardinal thresholds, once again all data points lie above the line of slope 1 and intercept 0 ( Figure 5A ). Across observers, cardinal and oblique thresholds were significantly different [t(3) ϭ 3.665, p Ͻ 0.018; paired, one-tailed]. The mean (ϮSD across observers) ratio of oblique to cardinal thresholds was 1.7 Ϯ 0.2. Experiment 4 was run without any directional uncertainty and without any perceptual task; the direction was blocked such that the target direction was completely predictable within each block of trials ( Figure 1C ). Three observers still showed a similar oblique effect as before Our data so far clearly establish that pursuit has a directional anisotropy quantitatively similar to the oblique effect for simultaneously measured perceptual perception and pursuit (Figure 4) each neurally encoded direction sample (i.e., the error Two other factors in experiments 1 and 2 are of particbar on the two encoded directions in the 2-IFC). The ular interest because of their possible role in eliciting signal is the effective separation of the means of the two cognitive and attentional influences on pursuit that encoded values (i.e., the average size of the difference might account for the presence of the oblique effect: (1) between the two encoded directions, which one might the uncertainty in stimulus direction and (2) the linking assume would be close to the veridical value of 2Њ). A of the oculomotor task with a perceptual task. We ran signal greater than 2Њ would indicate an expansion of two more experiments to test for the influence of these direction space, and a signal smaller than 2Њ would inditwo factors.
cate a compression of direction space. Pursuit direcExperiment 3 was conducted with significant uncertions will be more distinguishable around the cardinal tainty in stimulus direction, but without a perceptual directions (i.e., will show greater SNR) if either the signal task. The stimulus trajectories were identical to those is larger and/or the noise is smaller than for oblique directions. in single intervals from experiment 2, and observers To fully map the encoding of direction space for puror Just-Noticeable Difference (JND), a measure of the vertical thickness of the line and of the local direction suit, we ran a final experiment using all possible directions rather than just clusters of directions around the noise, appears largely constant across directions. All four observers showed expansion of direction eight cardinal and principal oblique directions ( Figure  1D ). To decompose the pursuit oblique effect into sepaspace surrounding cardinal directions and the requisite compression at the primary oblique directions, but little rate signal and noise effects, we plotted pursuit direction as a function of target direction for all trials. Figure 6 variation in direction noise across direction (Figure 7) . The left column of Figure 7 shows the direction gain as shows the raw data for a single naive observer. Note that perfect performance would entail a straight line of a function of target direction for all four observers tested. Note that direction gain for all observers shows 4-fold slope 1, but that the data show a thick, wiggly line that, on average, has a slope of 1.01. The direction gain, the symmetry locked on the cardinal directions. A circular Fourier analysis confirms this fact by showing that the local slope of the data and a measure of the local signal strength, appears to modulate quasisinusoidally around frequency spectra of the direction gain curves were dominated by the fourth harmonic and were phase a mean of 1. The direction semi-interquartile difference, The results shown in Figure 7 clearly identify an anisotropy in direction gain as the primary mechanism and a robust measure of the pursuit oblique effect. Indeed, we can use direction gain to examine the effect of task and uncertainty on the magnitude of the oblique effect. Experiments 2 and 3 were identical, except for the presence or absence of a perceptual direction judgment. The mean ratios (ϮSD across observers) of the cardinal to oblique direction gains are shown in Figure 8A . Across the four observers who ran both experiments, there is no difference between these ratios [t(3) ϭ 0.071, p Ͼ gains, the mean ratio shows a borderline significant arbitrary reference directions, rather than the full set of cardinal directions and principal obliques. These (and When perceptual and oculometric direction discrimination thresholds were measured simultaneously, we other) methodological choices served to reduce the statistical power of their data and to make their analysis found an oblique effect in both the perceptual and associated pursuit responses for all 12 observers tested. The more vulnerable to idiosyncratic directional variations in pursuit performance that can be superimposed on a pursuit oblique effect remains robust under a wide range of experimental conditions. Furthermore, we found that systematic oblique effect, as in the case of observer sg (see Figure 7) . Indeed, when we limit our analysis in the degree of anisotropy for pursuit is similar to that for perception. These findings provide strong evidence that experiment 4 to the same three directions used by Churchland and colleagues, observer sg's pursuit perceptual and oculomotor performance is limited by a shared anisotropic visual cortical motion signal that is oblique effect becomes hidden, and the pursuit oblique effect across observers fails to reach significance (Figdirectionally biased to 
Experiment 1

Thus, it seems highly likely that the neural locus that
The stimulus moved at 10 deg/s for 800 Ϯ 50 ms along a straight path tangential to an invisible ‫5ف‬ deg radius circle ( Figure 1A ). Carlo simulation of a 2-IFC, using randomly selected pairs of trials. Pairing was done exclusively within runs to avoid any artifacts interleaved, and the choice of test and standard directions relative to these canonical directions was performed as in experiment 1, caused by small differences in calibration across runs, but the resulting oculometric decisions were then pooled across runs and fit except that there was no positional jitter, to minimize the occurrence of early saccades. Five observers (four naive) were asked to follow using Probit analysis, just as with the true 2-IFC data. The reported oculometric thresholds and confidence intervals were the median the moving dot with their eyes, and to report, using a button press, the interval that contained the more clockwise direction of motion values across 20 iterations. For the oculometric thresholds in experiment 5, a similar process, adapted to handle the continuum of possi-(e.g., the blue arrows in Figure 1B) . Experiment 3 ble reference directions, was used. To be comparable with the single-interval experiments 3 and 4, pursuit threshold for a particular The stimulus conditions were identical to those of experiment 2 ( Figure 1B) . Only the first interval of each trial was presented. Four direction was calculated by generating an oculometric curve, using all combinations of first interval directions within a moving 30Њ winobservers (three naive) were asked to track the moving spot, but no psychophysical task was performed. Two of the observers who dow. The window was moved in 1Њ steps around the full 360Њ circle to generate the polar plots in Figure 7 . had previously run experiments 1 and 2 participated, and two new naive observers were included who had no knowledge of the verThe temporal interval used for our open-loop oculometric analysis was based on estimates of pursuit latency for each observer. Latensions of the experiment that included a perceptual task (they ran experiment 2 after running experiment 3). cies were estimated by fitting an elbow function to polar speed traces averaged across the responses to the first intervals of all Experiment 4 Stimulus conditions were identical to those of experiment 3, except trials. For experiment 1, the mean latency (ϮSD across observers) was 184 Ϯ 16 ms, as expected for stimuli with high spatial and that stimulus direction was blocked such that each direction was presented 60 times in a row ( Figure 1C) . Each of the eight canonical directional uncertainty (Stone and Krauzlis, 2003) . For experiments 2, 3, and 5, the mean latencies were 144 Ϯ 8 ms, 143 Ϯ 11 ms, and directions and directions Ϯ5Њ off of canonical were presented in separated blocks (for a total of 24 directions tested). Three naive 143 Ϯ 3 ms, respectively, as expected for the faster target speed. For experiment 4, the mean latency was lower still: 110 Ϯ 10 ms, observers were asked to track the moving spot, but no psychophysical task was performed.
limits both perceptual and pursuit performance (and is
given the lack of directional uncertainty. the best-fitting line to the data for target directions within a 30Њ window of the particular direction. Direction noise was calculated as half the difference between the 25th and 75th quartiles (JND) Psychophysical Data Analysis within a much smaller direction window (3Њ) in order to avoid effects Psychometric curves were generated from the percentage of trials of direction gain bleeding into the noise calculations. The noise data for which the test was judged to be more clockwise for each condiwere then boxcar filtered with a 30Њ window to provide comparable tion ( Figure 3A) . To increase statistical power and to average out smoothing to the gain data. any small idiosyncratic directional effects, psychophysical decisions were combined across all four cardinal directions, across all Acknowledgments four oblique directions, and across runs. The resulting psychometric curves were then fit with a cumulative Gaussian function using Probit
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